Summary A molecular cytogenetic analysis was conducted on the scleractinian coral Platygyra contorta, which is commonly found along temperate coasts in Japan. P. contorta was karyotyped (2n=28) by conventional G-and C-bandings, and the karyogram revealed that about 50% of the metaphase spreads had a homogenously staining region (hsr) in the terminal portion of the long arm of chromosome 12. Fluorescence in situ hybridization (FISH) showed that this hsr consisted of rRNA genes (rDNA) stained by C-banding. The presence of an hsr, which is a highly amplified rDNA, may explain the molecular diversity of coral rDNA. FISH visualized and demonstrated the presence of a telomere motif (TTA GGG) n in this coral using a human telomere probe. Furthermore, we isolated a specific FISH marker (312 bp) designated PC-T1, which was located near the centromere of chromosome 11. A sequence analysis revealed that the terminal part of PC-T1 (51 bp from the 3′ end) was 90% homologous with a Montipora capitate microsatellite and the Actinia equine 5S rRNA gene. Isolating FISH markers will assist the classification of scleractinian corals with the progression on describing their genome. The data obtained in this study will be valuable for discriminating species among scleractinian corals and understanding their genetics, including chromosomal evolution.
More than 800 species of scleractinian corals (stony corals) are found worldwide (Veron 2000) . Many studies have classified stony corals using morphological and molecular techniques. Nevertheless, the coral classification is somewhat controversial, as those studies occasionally did not achieve concordance between morphology and DNA sequence homology (Fukami et al. 2004) .
A karyotype provides key data for classifying eukaryotes, in accordance with other morphological and molecular studies. However, the cytogenetics of stony corals, such as their karyotypes and gene mapping on chromosomes, have not been investigated sufficiently. So far, we have reported molecular cytogenetic information on three species of stony corals, such as Acropora solitaryensis (family Acroporidae), Coleostrea aspera (family Merulinidae), and Echinophillia aspera (family Lobophylliidae). Our studies on these three species have led to several new findings, such as precise and consistent numbers of chromosomes, rRNA gene loci, and the presence of a homogenously staining region (hsr), consisting of rDNA and some coral repeated sequences shared with humans (Taguchi et al. 2013 (Taguchi et al. , 2014 (Taguchi et al. , 2016 .
In this study, we report a detailed molecular cytogenetic analysis of the stony coral Platygyra contorta (family Faviidae). P. contorta is commonly found only around mainland Japan (Wallace 1999) . The morphological features of P. contorta include massive, encrusting, and columnar colonies; valleys that are usually long and relatively straight at the colony margins but become short, sinuous, and contorted towards the center of the colony; and thin walls with highly irregular septa (Veron 2000) . This is our fourth study on a coral species, using both conventional banding (G-and C-bandings) and fluorescence in situ hybridization (FISH), to discover the detailed chromosomal characteristics of this coral. As a result of G-and C-banding analyses, we identified an hsr on P. contorta chromosome 12 after karyotyping. An hsr has been found previously in the corals C. aspera and E. aspera (Taguchi et al. 2013 (Taguchi et al. , 2016 . Conventional Cbanding revealed that the hsr portion of P. contorta was C-band positive (darkly stained), indicating the presence of specific proteins, such as centromere regions.
Furthermore, we successfully isolated a DNA marker, designated PC-T1, which was utilized as a specific FISH probe (exclusively hybridized with the centromere region of chromosome 11). The location of this marker may be the locus of the 5S rRNA gene because PC-T1 was cloned from the polymerase chain reaction (PCR) product using the 5S rRNA gene primer reported in another cnidarian study (Stover and Steele 2001) . The sequence analysis of the specific FISH marker (PC-T1) revealed that this marker contained partial common 5S rRNA sequences of Actinia equine (Actiniaria) and a Montipora capitate (Scleractinia) microsatellite.
Here, we describe novel findings from a P. contorta study obtained by conventional and molecular cytogenetic techniques. We discuss how these findings will assist the scleractinian coral classification, resulting in the contribution to understand their genetics and genome (Shinzato et al. 2011 ).
Materials and methods

Coral collection
P. contorta is a simultaneous hermaphrodite, and spawning consists of the release of eggs and sperm packed together in discrete bundles from the mouths of fertile polyps. P. contorta gametes were collected at Nishidomari (32 46′N, 132 43′E), Kochi Prefecture, Japan (Fig. 1) . The release of gamete bundles was observed between 9 : 00 p.m. and 9 : 45 p.m. on August 9, 2015, during which the bundles were collected in plastic cups placed over some of the colonies during spawning. After collection, the egg-sperm bundles were broken apart, and the fertilized eggs were rinsed in 0.2 µm filtered seawater (ADVANTEC cartridge filter; Advantec Toyo Corp., Tokyo, Japan) to remove any external contaminants.
Chromosome preparations and conventional G-and Cbandings
We reported the method for making coral chromosome preparations previously (Taguchi et al. 2013) . In brief, 10-14 h after artificial fertilization, the embryos were treated with 0.01% (v/v) colchicine (Sigma, St. Louis, MO, U.S.A.) in filtered seawater for 1 h, followed by a hypotonic treatment (0.5 seawater diluted with distilled water) to spread the chromosomes, which were fixed using a freshly mixed solution of absolute methanol and glacial acetic acid (3 : 1). The fixed embryos were soaked in diethyl ether overnight to remove intracellular lipids and returned to the fixative. About 20-50 embryos were cut into their constituent cells using a fine needle. Suspensions containing embryonic cells were transferred to a 1.5-mL tube filled with fixative. The tube was centrifuged at 2000 g for 2 min, and the pellet was re-suspended in 0.5 mL of fresh fixative. One drop containing fragments of embryos and isolated cells was placed on a clean slide and air-or flame-dried to spread the chromosomes. Slides with metaphase spreads were treated with 0.025% trypsin solution for 1 min for G-banding (Seabright 1973) and with 5% Ba(OH) 2 for 5 min at 50 C, followed by 2 standard saline citrate (SSC) for 1 h at 60 C for C-banding (Sumner 1978) . Both sets of slides were stained with 5% Giemsa.
DNA extraction
DNA from P. contorta sperm (about 0.1 mL) and embryos (about 0.5 mL) was extracted using a Wizard Genomic DNA Purification kit (Promega Corp., Madison, WI, U.S.A.), according to the manufacturer s instructions.
Generation of rRNA gene probes
Probes for the putative 5S, 18S, and 28S rRNA gene- derived DNAs were obtained from the PCR products generated using either a forward or reverse single primer in a PCR analysis. The following were the primers used for the rRNA genes: 5′-CTT CCG TGA TCG GAC GAG AAC-3′ for the nuclear partial 5S ribosomal DNA (rDNA) of cnidarians (Stover and Steele 2001) and both 5′-GTC GTA ACA AGG TTT CCG TA-3′ for 18S and 5′-GCT TTG GGC TGC AGT CCC AAG CAA CCC ACT C-3′ for 28S of Acropora (Chen et al. 2000) . P. contorta sperm DNA was used as a template. The PCR was carried out using a thermal cycler (WK-0518; Wako, Osaka, Japan). The PCR conditions for 5S rDNA were: preheating for 2 min at 98 C, followed by 30 cycles at 98 C (10 s), 55 C (30 s), and 72 C (1 min). The PCR reaction conditions for the 18S and 28S rDNAs were: pre-heating for 2 min at 95 C, followed by four cycles at 94 C (30 s), 60 C (1 min) and 68 C (3.5 min), and 30 cycles at 94 C (30 s), 56 C (30 s), and 72 C (1 min), with a final extension at 72 C for 10 min. The amplified bands were cut out of the gel and purified using the QIAquick PCR Purification kit (Qiagen, Valencia, CA, U.S.A.), according to the manufacturer s instructions.
Cloning the FISH marker
After separating the bands, the extracted purified PCR products were ligated into a pGEM-T EasyVector (Promega, Madison, WI, U.S.A.) and 30 ng of the ligation products were used to transform competent cells (JM109, pGEM-T Easy-Vector Systems; Promega, Madison, WI, U.S.A.) that were plated on Lucia broth (LB) plates containing 100 µg mL 1 ampicillin, 40 µg mL 1 X-Gal (5-bromo-4-chloro-3-indolyl β-Dgalactopyranoside), and 0.05 mM IPTG (isopropyl β-D-1-thiogalactopyranoside). The transformed clones were transferred to 15 mL test tubes containing 1.5 mL LB/ ampicillin medium and proliferated at 37 C overnight. The resulting clones were extracted as plasmid DNAs using a standard method.
DNA sequencing and homology search
The fragment inserted in the clone was sequenced with M13 forward and reverse primers using an ABI Prism BigDye Terminator Cycle Sequencing Ready Reaction Kit v2.0 (PE Biosystems, Chiba, Japan) and the ABI Prism 310 Genetic Analyzer (Applied Biosystems, Tokyo, Japan). Computer-assisted DNA alignment and comparison was performed using Gapped BLAST and PSI-BLAST: a new generation of protein database search programs to search the GenBank database (http://www. ddbj.nig.ac.jp).
FISH analysis
A human digoxigenin-labeled telomere probe was purchased from Appligene Oncor (Lifescreen, Watford, UK). Random prime labeling of the probe DNA from the PCR products was performed with fluorescein-12-dUTP (F-12-dUTP) or cyanine-3-dUTP (Cy-3-dUTP) in accordance with the kit protocol (Invitrogen, Tokyo, Japan). The FISH analysis was carried out as reported previously (Taguchi et al. 1993) , with slight modifications. In brief, the metaphase preparations were denatured in 70% formamide/2 SSC at 73 C for 2 min. Then, 0.8 µL of the probe was mixed with 10 µL hybridization solution (H7782; Sigma, Tokyo, Japan) and denatured at 80 C for 10 min. The probes were hybridized on chromosome preparations at 37 C in a CO 2 incubator for 12-15 h, followed by two post-hybridization washes in 2 SSC and 1 PBD (0.05% Tween20/4 SSC) and counterstained with 4′,6-diamidino-2-phenylindole (DAPI). The probes were visualized under a fluorescence microscope (BX50; Olympus, Tokyo, Japan).
Image acquisition and processing
The FISH slides were examined with a fluorescence microscope. Images of suitable metaphase spreads were acquired on an Olympus DP70 microscope workstation equipped with a cooled charge-coupled device and FISH analysis software. The Miller units used for each fluorescence light type (FITC, Cy-3, and DAPI) were U-NIBA, U-MWU, and U-MWIB (Olympus), respectively.
Results
P. contorta has a diploid karyotype
Five metaphase spreads were karyotyped using conventional trypsin G-banding, and an hsr was identified in chromosome 12 in almost 50% of the metaphase spreads (Fig. 2) . The modal number of chromosomes per metaphase spread (100 cells examined) in P. contorta cells was 28 (2n=28), and a tentative karyogram is shown in Fig. 2 . The chromosomes were arranged in decreasing order of chromosome length from 1 to 14 on this karyogram. Chromosome 12 was easily identified due to the hsr ( Fig. 2A) , but the other chromosomes were not as easy to distinguish because of the poor G-banding pattern and similarities in their length and centromere locations. Moreover, the variety of chromosome condensation patterns, which depends on the time of the cell cycle when the cells were fixed, made it difficult to precisely measure chromosome length. The lengths of the chromosomes and the arm ratios were finally measured in five metaphase spreads. Based on the arm ratio (Levan et al. 1964) , this karyogram consisted of five submetacentric (1, 2, 3, 4, and 8) and nine metacentric (5, 6, 7, 9, 10, 11, 12, 13, and 14) chromosomes (Table 1) . We also tried conventional C-banding using Ba(OH) 2 , 2 SSC, and Giemsa. Although the C-banding pattern was not as clear as that obtained in mammals, the hsr was C-band positive (Fig. 2B) . Some asymmetries in C-bandpositive regions were observed between homologous chromosomes.
FISH mapping of rRNA genes and human telomere sequences
The locations of the 18S and 28S ribosomal RNA (rRNA) genes (rDNAs) by FISH are shown in Figs. 3A and 4A, respectively. The 18S rRNA gene loci were mapped on the terminal end of homologous chromosome 12. Large reddish FISH signals (lower arrow and upper arrowhead in Fig. 3A ) and small signals (upper arrow and lower arrowhead) were observed both in interphase nuclei and on metaphase spreads. All of the signal domains (arrows and arrowheads) indicated 18S rRNA gene loci, and larger domains among these were derived from the hsr (Fig. 3A) . The ratio of metaphase spreads with the hsr was 50% (43/80). Several fragments with green signals (arrowheads) were occasionally found and were probably derived from a broken hsr (Fig.  3C) . However, the 28S rDNA PCR product hybridized not only with the same loci as 18S but also with all of the centromere regions (Fig. 4A) , whereas the 5S rDNA PCR product hybridized with the centromere region of chromosome 11 (Figs. 3C, 4D, F) .
The FISH analysis revealed that the human telomeric probe (TTA GGG) n hybridized intensely to the telomeres of all P. contorta chromosomes (red signals in Fig. 4C ), suggesting that the telomere sequence of this coral is probably identical to that of humans.
Sequence analysis of the isolated PC-T1 clone
The primary 5S rDNA PCR products were cloned to define their specificity for chromosome 11 of P. contorta. All clones (19 colonies), which were obtained from a white and blue selection-plate, exhibited a hybridized signal at the centromere region of chromosome 11 ( Fig. 4D, F ; red signals; arrowheads). FISH signals were observed at a single site, even in uncontracted prometaphase spreads with elongated chromosomes, so specificity of the clones was predicted to be very high. We tested probe affinity on four other coral species, including A. solitaryensis, Acropora primosa, C. aspera, and E. aspera (data not shown) by FISH, but no hybridization signals were detected on these four corals. Then, the clone designated PC-T1 was sequenced. A PC-T1 sequence homology search analysis using the DDBJ (http:// ddbj.nig.ac.jp/blast/) revealed that 51 bp from the 3′ end of the total 322 bp sequence ( Fig. 5 ; darkly highlighted) was 90% homologous with A. equine 5S ribosomal RNA (Actiniaria) and the M. capitate clone Mc0343 microsatellite sequence (Scleractinia).
Discussion
More than 800 species of scleractinian corals have been identified worldwide (Veron 2000) . To solve the controversial taxonomic issue (Fukami et al. 2004) and develop an understanding of coral genetics, we have been accumulating molecular cytogenetic data of scleractinian corals. So far, we have published three molecular cytogenetic reports using FISH on scleractinian corals, such as A. solitaryensis, E. aspera, and C. aspera (Taguchi et al. 2013 (Taguchi et al. , 2014 (Taguchi et al. , 2016 , which are commonly found on the western coast of Japan (Wallace 1999) . The present study is our fourth report and concerns P. contorta; it is a different genus from our previous studies but is classified in the same family Merulinidae with C. aspera.
First, we conducted conventional G-and C-bandings to establish the P. contorta karyotype. In general, ob- taining high quality G-and C-bandings in invertebrate chromosomes is somewhat difficult due to the relatively small size of the chromosomes and the weaker effect of trypsin on G-banding and that of Ba(OH) 2 on C-banding. This is the first report on stony coral chromosomes displaying conventional C-banding produced using Ba(OH) 2 treatment (Sumner 1978) . Thus, we revealed the G-and C-banding patterns on P. contorta chromosomes, although they were not as clear as those seen on mammalian samples ( Fig. 2A, B) . We arranged the P. contorta chromosomes in decreasing order of length using the G-and C-banding and identified chromosome 12 with an hsr. In our previous studies (Taguchi et al. 2013 (Taguchi et al. , 2016 , we revealed the presence of an hsr on chromosomes 11 and 13 through a FISH analysis of two other corals C. aspera and E. aspera, respectively, and now on chromosome 12 in P. contorta. Because the lengths of chromosomes 11, 12, and 13 were so similar, chromosome 12 may be arranged to be chromosome 11 or 13. An hsr was originally identified in mammalian cells after many gene amplifications through a drug-selection process using methotrexate (Biedler and Spengler 1976) .
It has been frequently found in human cancer cells as an oncogene amplification product (Takaoka et al. 2012) , which is advantageous for cells that grow and proliferate rapidly. Based on our recent studies of three scleractinian coral species, including P. contorta, the hsr found in the coral chromosome seems to be one of the characteristic features common to scleractinian corals (Taguchi et al. 2013 (Taguchi et al. , 2016 . Additionally, we also observed an hsr-like structure in four other corals, such as Favia favus, Micromussa amakusensis, Pavona decussate, and Trachyphillia geoffroyi audouin (data not shown). We occasionally observed chromosome fragments that were likely derived from an hsr because they displayed rDNA FISH signals (Fig. 3C) , suggesting that the hsr tends to be somewhat unstable. Interestingly, the hsr region of P. contorta chromosome 12 was C-band positive (Fig. 2B) but not Ag-nucleolar organizing region-positive (Goodpasture and Bloom 1975) (data not shown). The mechanism for the C-band pattern which appears by Ba(OH) 2 treatment remains unclear, but particular non-histone proteins closely bound to C-band heterochromatin may stain darkly with Giemsa during C-band procedure (most of the stained regions are centromeres) (Hsieh and Brutlag 1979) . Thus, the hsr of this coral may contain heterochromatin with non-histone proteins as a major component, which are sensitive to C-band producing chemicals, such as Ba(OH) 2 . FISH signals of 18S rRNA gene were located on the terminal end of the long arm of chromosome 12 (12qter) (Fig. 3A) , whereas the 28S rDNA signals were located not only at the same loci of 18S RNA gene but also at the centromeres of all chromosomes (Fig. 4A) . These FISH signals on the centromeres are also observed in A. solitaryensis using the 28S rDNA probe, as reported previously (Taguchi et al. 2014) . We chose a single primer to amplify the repeated sequences, because a primer set (forward and reverse) is not necessarily needed for the reaction (Watson et al. 1992) . The single primer used for 28S rDNA may have annealed to centromeric-specific repeated sequences, such as α-satellite sequences, which may be homologous with 28S rDNA because FISH signals were seen on most of the centromeres and the rDNA (Fig. 4A) . FISH mapping revealed that the telomere repeated sequences (mini-satellite) were quite similar to those of humans (TTA GGG) n because the telomere probe used here was a commercial product for human use. It is interesting that stony corals and humans share some repeated sequences, such as human satellites, telomeres, and Alu repeats, as reported in our previous studies (Taguchi et al. 2013 (Taguchi et al. , 2016 .
Information on chromosome mapping of the 5S rRNA gene in stony corals has so far been limited. Therefore, we tried several rDNA primers, which have been reported for scleractinian corals (Stover and Steele 2001) but also for hydrozoans, jellyfish, and eleutherozoans, such as starfish (Hori et al. 1982 , Walker and Doolittle 1983 , Hendriks et al. 1987 . Consequently, the primers utilized for cnidarian 5S rRNA repeats (Stover and Steele 2001) were suitable to make the 5S rDNA FISH probe for P. contorta. The PCR product, which was obtained using the cnidarian 5S rRNA primer, exclusively hybridized near the centromere region of chromosome 11 (Figs. 3C,  4D, F) . However, we detected no hybridization signals on four other coral species, such as A. solitaryensis, A. primosa, C. aspera, and E. aspera, when we tested the FISH probe (data not shown), suggesting that this marker is species-specific. Cloning was conducted to specify the base sequence of the FISH probe. The probe was cloned, sequenced, and designated PC-T1. The total size of PC-T1 was 322 bp (66 A, 86 T, 78 G, 92 C; GC content: 53.4%). The 21 bases from the 5′-end (1-21; dark highlight; Fig. 5 ) were used for the primer sequence. The 51 bases from the 3′-end (272-322; dark highlight; Fig. 5 ) were unique but showed 90% sequence similarity with the A. equine (Actiniaria) 5S rRNA gene and the M. capitate (Scleractinia) clone Mc0343 microsatellite sequence after a DDBJ blast search (http://ddbj.nig.ac.jp/ blast/). We have not confirmed that the entire sequence of this probe matches P. contorta 5S rRNA because we did not have information on the full P. contorta 5S rRNA sequence. However, it is clear that this probe exclusively hybridized to chromosome 11 near the centromere region of the long arm. The PC-T1 clone was considered to contain at least a representative sequence of the partial 5S rRNA gene. As the representative sequence may have been duplicated many times in tandem within this region, the copy number of the sequence appeared to be large. So, the size of the FISH signals was almost the same as that of the C-band, which reminded us of repetitious sequences, such as alphoid repeat DNA in primates (Jørgensen et al. 1992) . Therefore, the centromere portion of chromosome 11 (FISH signal location) seemed to be the P. contorta 5S rRNA gene locus.
Overall, these new findings have led us to survey other scleractinian coral species and look for clues to solve the difficulties related to stony coral taxonomy and genomics.
